The choice of the optimum semiconductor for manufacturing thermophotovoltaic (TPV) cells is not straightforward. In contrast to conventional solar photovoltaics (PV) where the optimum semiconductor bandgap is determined solely by the spectrum (and eventually the irradiance) of the incident solar light, in a TPV converter it depends on the emitter temperature and on the spectral control elements determining the net spectral power flux between the TPV cell and the emitter. Additionally, in TPV converters there is a tradeoff between power density and conversion efficiency that does not exist in conventional solar PV systems. Thus, the choice of the proper semiconductor compound in TPV converters requires a thorough analysis that has not been presented so far. This paper presents the optimum semiconductor bandgaps leading to the maximum efficiency and power density in TPV converters using both single junction and multijunction TPV cells. These results were obtained within the framework of the detailed balance theory and assuming only radiative recombination. Optimal bandgaps are provided as a function of the emitter and cell temperature, as well as the degree of spectral control. I show that multijunction TPV cells are excellent candidates to maximize both the efficiency and the power density simultaneously, eliminating the historical tradeoff between efficiency and power density of TPV converters. Finally, multijunction TPV cells are less sensitive to photon recycling losses, which suggest that they can be combined with relatively simple cut-off spectral control systems to provide practically-viable high performing TPV devices.
Introduction
Thermophotovoltaic (TPV) devices perform a direct heat-toelectricity conversion by using photovoltaic cells [1, 2] . A basic TPV device comprises two elements: an emitter, which is heated by an external heat source, and a photovoltaic cell, referred to herein as a TPV cell, which is illuminated by the thermal radiation emitted by the emitter in order to produce electricity. In this arrangement, spectral control elements (selective emitters, filters, reflectors, etc) may be used to produce spectrally selective thermal radiation matching the TPV cell spectral response. This leads to a very high theoretical efficiency for TPV devices, approaching the Carnot efficiency in the limit of that TPV cells are illuminated by monochromatic light [3] , TPV technology offers a series of advantages compared with other heat engines: (1) it enables extremely high temperature operation, owing to the absence of physical contact between the hot and cold reservoirs, (2) it is a modular and scalable technology with an extremely low weight and volume, leading to extraordinary high specific power and energy densities, (3) it does not use moving parts, which minimizes the maintenance requirements and enables low noise operation, and (4) it may enable very high heat-to-electricity conversion efficiency, ideally as high as a Carnot engine.
The above characteristics combined with the many different possible sources of heat led to a broad range of applications for TPV technology, including heat recovery from high temperature industrial processes [4] [5] [6] , combined heat and power for residential use [7] [8] [9] [10] [11] , solar power [3, [12] [13] [14] [15] [16] [17] [18] , portable energy sources [8, [19] [20] [21] , space power [22] [23] [24] [25] [26] , energy storage systems [16, [25] [26] [27] , among others.
The best experimental radiant heat to electricity conversion efficiency reported so far for a TPV device is of 23.6%, using a SiC emitter at 1039 °C and InGaAs (0.6 eV) single junction TPV cells conforming a monolithic interconnected module (MIM) [28] , Similar values have been reported by other authors by using GaSb (0.74 eV) single junction TPV cells [29] and InGaAsSb (0.53 eV) quaternary compounds [30, 31] 1450 °C and GaSb (0.74 eV) single junction TPV cells [32] . However, much higher efficiencies and power densities are achievable, at least theoretically, by TPV converters [1] [2] [3] 33] , In order to increase the conversion efficiency and power density of current state-of-the-art TPV converters, research focuses on both optimizing the semiconductor TPV cell structure and on finding the proper arrangements for tuning the spectrum of the radiation exchanged between the TPV cell and the emitter. With respect to the latter, TPV converters may be classified according to the type of spectral control strategy: cut-off or narrow-band.
Narrow-band strategies attempt at creating a quasi-monochromatic radiative exchange between the emitter and a single junction TPV cell. Single junction PV cells have already demonstrated conversion efficiencies above 50% under monochromatic illumination using a laser light source [34] . Therefore, the current challenge of narrowband TPV approach consists of developing the appropriate emitter element to produce high quality quasi-monochromatic thermal emission at high temperatures [35] . The key fundamental drawback of this approach, independently of its particular implementation, relies on the low output power density, which is related to the low density of photonic modes of the monochromatic light. Novel concepts based on near-field effects may enhance the monochromatic power density beyond the classical limits [36, 37] , but these concepts are still in a very early stage of development and are not considered in this study.
This work focuses on cut-off spectral control strategies in which the radiative exchange between the emitter and the TPV cell is restricted to those photons with energies above the TPV cell's bandgap. This arrangement provides higher power density and enables the use of simpler elements on the (hot) emitter side; thus it is more readily implementable in practice. The main drawback of this approach is the lower bound for the conversion efficiency. However, this study demonstrates that this drawback may be overcome by using multijunction TPV cells. Although experimental work on multijunction TPV cell structures has been presented previously [38] [39] [40] [41] [42] , a thorough theoretical analysis on their potential for TPV energy conversion is missing. This paper presents a global optimization of single junction and multijunction TPV devices comprising cut-off spectral control elements. The optimum semiconductor bandgap(s) are calculated as a function of the emitter and cell temperatures, and the quality of the spectral control (i.e. photon recycling efficiency). Optimums for both emitter subcells BSR
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Tunnel junctions Fig. 1 . Multijunction TPV converter with integrated BSR.
Table 1
Summary of the equations used in this work for modelling the TPV device. Taken from Ref. [15] .
Photon flux in the spectral interval (e¡, sk)
Energy of the photon flux in the spectral interval (e¡, sk)
Photo-current generated in a single junction cell
Photo-current generated in the top-subcell
Photo-current generated in the bottom sub-cell efficiency and electrical power density maximization are presented. The calculations are based on the detailed balance theory and assume only radiative recombination in the TPV cells, and therefore represent the upper bounds for efficiency (and power density). Fig. 1 shows a sketch of the TPV device that will be analyzed in this study. It comprises an emitter and a TPV cell with integrated back surface reflector (BSR) which reflects back to the emitter the sub-bandgap (non absorbed) radiation [43] [44] [45] [46] , The TPV cell may consist of either single junction or multijunction device. Multijunction cells comprise two or more subcells stacked one on top each other, with the higher bandgap cell placed on top, so that each subcell converts a different part of the incident spectrum with higher efficiency. The cells may be connected in series by means of transparent tunnel diodes, as shown in Fig. 1 . External heat is supplied to the emitter, which in turns radiates towards the TPV cell, which produces electricity. The sub-bandgap photons, not absorbed by the TPV cell, are reflected back to the emitter, by means of the BSR. The semiconductor-BSR interface is assumed to have a reflectivity/? BSR , independently of the photon energy.
Theoretical background
It worth noting that cut-off spectral control in TPV may be implemented by other elements rather than BSRs, for instance: a filter located in between the emitter and the cells [47, 48] or an micro-engineered emitter surface [49] [50] [51] . However, all of these arrangements are equivalent from the theoretical point of view and their common effect on the TPV overall performance is of that modifying the equivalent sub-bandgap emitter emissivity, which can be defined as the ratio of the net flux of photons that leave the emitter surface within the TPV optical cavity (formed by the emitter and TPV cell) to the flux of photons that radiates a black-body at the same temperature towards the free space. Therefore, the use of BSR does not represent a loss of generality and the main conclusions extracted from an analysis of this configuration will apply to any other cut-off spectral control strategy. The only aspect in which the use of BSR differentiates from other spectral control mechanisms is that backwards luminescence from the TPV cell is also recycled, reducing the net recombination. This may improve significantly the TPV cell performance.
The TPV efficiency is defined as the ratio of the electric power produced by the TPV cells (P EL ) to the net thermal power outgoing from the side of the emitter facing the cells (P ou t-Pm)-The total heat-to-electricity efficiency of a TPV device is calculated by the product of the TPV efficiency and the thermal efficiency, defined as the ratio of the net thermal power radiated by the emitter towards the TPV cell {P ou t-Pm) to the heat supplied externally to the emitter (Q.¡"):
The power radiated by the emitter (P out ) depends exclusively on the emitter temperature and emitter spectral emissivity. However, the power reabsorbed by the emitter (P in ) depends also on the spectral control elements within the TPV optical cavity, i.e. the BSR reflectivity. In a TPV device without any kind of spectral control (/? BSR =0), the power absorbed by the emitter, ?,", is zero and thus PEL is simply proportional to the TPV efficiency. However, in a general case where P in > 0, the TPV efficiency can be enhanced just by reducing P ou t-Pm (e.g. quasi-monochromatic radiative exchange between the emitter and the cells) which leads to a reduction of P EL . Thus, efficiency and power density are not necessary equivalent in TPV systems. It worth noting that making P ou t-Pm small affects not only the TPV efficiency, but also the thermal efficiency (r] tfl ) so that the total heat-to-electricity efficiency {rj) can be drastically deteriorated if we focus only on reducing P ou t-Pin instead of increasing P EL . In applications where the heat input (Q¡") is constant, such as in solar power, the strategy of maximizing P E L might be preferable. However, in applications where the emitter temperature is constant, such as in a phase change processes the strategy of maximizing the TPV efficiency might be preferable. This is because at constant emitter temperature, lowering P ou t-Pm forces Q¡ n to be small in order to fulfill the energy balance in the emitter; thus, leading to a high thermal efficiency. In the case of a phase change process, this implies a longer solidifying time, which might be beneficial in some cases [16] . This illustrates that each application requires a particular analysis to figure out which is the optimum balance between efficiency and power density.
Mathematical formulation and methodology
We formulate this problem by means of the detailed balance theory, assuming that only radiative recombination takes place in the TPV cells. The equations that model the system are adapted to this case from reference [15] and are summarized in Table 1 . Given the TPV cell parameters, i.e. bandgap(s) (e k ), refraction index (n int ) and BSR reflectivity (/? BS R), the geometrical configuration parameters, i.e. the emitter-to-cell and cell-to-cell view factors (F ec and Ff c } ) and the emitter and cell temperatures (T e and T c ) the equations listed in Table 1 are solved together with the following two extra equations for the current density and voltage in each subcell (J¡ and V k ):
which hold for series-connected multijunction cells. Solving this system of equations for different values of V results in the J-V curve of the TPV device. Then, the maximum power point is found by maximizing the J-V product, leading to the maximum electrical power density delivered by the TPV device:
^TPV Finally, the TPV efficiency can be obtained from:
The objective of this study is to determine the optimum bandgap energies (e k ) as a function of the emitter temperature (T e ), the TPV cell temperature (r c ), and the photon recycling efficiency of the TPV device. In the particular TPV configuration analyzed here, the emitter is a black body (e ce =0) and the spectral control is performed by a BSR (Fig. 1) ; thus, the photon recycling efficiency will depend on the BSR reflectivity (/? BS R). If Fee-> 1, most of the radiative power reflected in the BSR (which is given by/? BSR ) is reabsorbed by the emitter and the photon recycling efficiency may be approximated by/? BSR . In this study we assume F ec =0.99 Table 3 (a) Key features (efficiency, power density and optimum bandgap) of 1JC-TPV converters with maximized efficiency (f/nv), power density (Pa), and P EL and unit-emissivity for the emitter (black-body) so that p BSR provides a good approximation of the photon recycling efficiency, at least for /? B SR < 0.99. Finally, we assume a constant semiconductor refraction index of n int =3.5 and a planar configuration (Fig. 1 ) in which the TPV cells do not see each other, so that i*? = 0, which directly implies that A c ¡A e =F ec .
For each emitter temperature (T e ), TPV cell temperature (T c ), and BSR reflectivity (/? B SR) we will determine the bandgap energies (e k , for k ranging from 1 to n) that maximize three different merit functions: the efficiency r] TPV , the power density PEL, and the product P £i x r] JPV . To find the optimum bandgap energies in each case we have used the multidimensional direct search Nelder-Mead algorithm [52] . The equations shown in Table 1 are solved using the specific methods explained in Refs. [15, 53] . Tables 2-5 show the optimum bandgap energy (e k ), the efficiency (//TPV), the power density (PEL) and the key TPV cell parameters (J MP , V MP , V oc and FF) of optimized TPV devices as a function of the BSR reflectivity (/? BS R), the TPV cell temperature (r c ), and the emitter temperature (T e ). Tables 2 and 3 show the case of single junction TPV cells (1JC, n = l) operating at T c =27 °C (Table 2 ) and T C =U7 °C (Table 3) and Tables 4 and 5 show the case of dual junction (2JC, n=2) TPV cells operating at T c =27 °C (Table 4) and T C =U7 °C ( Table 5 ). The tables include results for three different maximized functions: TPV efficiency (?7TPV). power density (PEL) and P £i x rj TPV . Figs. 2 and 3 show the results given in Tables 2 and 4 (T c =27 °C) for the specific case of r e = 1400 °C. In these figures we have added the results obtained for the case of triple-junction TPV cells (3JC) which is not shown in the tables. Fig. 2 shows the impact on both the efficiency and power density of the BSR reflectivity (/? BS R). When optimizing for maximum efficiency (solid lines), the TPV efficiency shows a sharp increase as /? B SR->1. In this situation, most of the sub-bandgap radiation is effectively recycled, so that it is possible to increase the cell bandgap(s) (Fig. 3) to minimize the cell's recombination [33] and maximize the output voltage, leading to the highest TPV conversion efficiency.
Results and discussion

Trade-off between efficiency and power density
Unfortunately, this increment in the efficiency is accompanied by a drastic decrease in the power density, which is attributed to the poor match between radiative spectrum and spectral response of the TPV cells (see Fig. 4 ). In this situation most of the radiative power is turned back to the emitter (P in ) and the factor Pout-Pin that appears in the denominator of Eq. (5) is drastically diminished.
For power density maximization (dashed lines in Figs. 2 and 3) we observe that both power density and efficiency increase with /7 BS R, but to a lesser extent than in the previous case. The efficiency increase in this case is mostly attributed to an increase in the output power density (PEL) and not just to a decrease of P out -P in ; thus, this situation is less sensitive to the photon recycling efficiency (i.e. /? BS R). This results in a lower optimum bandgap than in the case of that maximum efficiency is aimed at (Fig. 3) . The lower bandgap allows maximizing the produced chemical energy within the TPV cell (note the extremely high values of Voc/£i)-The diminishment of optimum bandgap with/? BSR is attributed to the improved recycling of the luminescent photons emitted backwards within the cells. This effect allows cells to be operated at higher voltages 
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(note that V MP jV oc and FF increases) and therefore it becomes advantageous to slightly reduce the bandgap and absorb a higher amount of radiant power. Different optimum bandgaps are obtained depending on whether we aim at maximizing the efficiency or the power density. However, both of them are important in TPV devices. Thus, a good merit function is the product of both of them, i.e. PEL X ?7TPV-The results of maximizing this function are represented by dash-dotted lines in Figs. 2 and 3 . The resultant value of PEL x r] TPV is shown in Fig. 2(c) . We observe that the optimum bandgaps are just slightly higher than the obtained when maximizing the power density. Also, as in the case of maximum power density, the optimum bandgap is almost independent of /?BSR. which facilities the proper choice of the semiconductor bandgap for a given emitter temperature.
From these results, we conclude that multijunction TPV cells enable the best trade-off between efficiency and the power density (i.e. maximizing the function P EL xr] JPV ). For instance, triple-junction TPV cells without any kind of photon recycling system (/?BSR=0) provide higher P EL x r] JPV than single junction cells with an ideal BSR (/? B SR-> 1 )• Thus, multijunction TPV cells must be regarded as a promising solution for addressing the historical tradeoff between efficiency and power density in TPV devices. Furthermore, multijunction TPV cells provide high TPV theoretical efficiencies without the necessity of very efficient photon recycling system, as illustrated in Fig. 2(a) .
It is worth noting that when /?BSR->0, the three optimization strategies provide identical results. This is because/? BSR =0 implies P in =0 and the denominator in Eq. (5) is constant (P out depends only on the emitter temperature). Therefore, both efficiency and power density are proportional. This case is equivalent to solar-PV and CPV systems, where there is no recycling of photons between the solar cell and the heat source, i.e. the sun, and the output power is a direct measure of the system efficiency, given an input radiant power.
Effect of photon recycling and TPV cell bandgap
After the overall optimization of TPV converters presented in the previous section, in this section we analyze the sensitivity of the TPV converter performance to variations in two key parameters: BSR reflectivity (/? B SR) and TPV cell bandgap (e¡). This analysis is important because the bandgap and p BSR values are generally constrained by technological limits and therefore, cannot be chosen arbitrarily. Fig. 5 shows the efficiency of single junction TPV converters with fixed bandgap as a function of/? BSR , compared with the case in which the bandgap is optimized for each value of /? BS R. This figure shows that the TPV conversion efficiency is very sensitive to the photon recycling efficiency when using relatively high bandgap TPV cells (e.g. 0.7 eV in the figure). Although high bandgap provides the highest overall conversion efficiency for/? BSR -> 1, this efficiency sharply goes down for slight reduction of /? BS R. This represents an additional drawback (together with the low output power density) of using relatively high bandgap semiconductors in TPV converters. Fig. 6 shows the TPV efficiency and power density for both single junction (1JC) and dual junction (2JC) TPV cells as a function of the TPV cell bandgap. In the case of 2JCs, the abscissa represents the bottom cell bandgap and the top cell bandgap is optimized for each point. We observe that both efficiency and power density drastically decrease for bandgaps higher than the optimum. The efficiency may be recovered by using an efficient photon recycling system (/? BS R->1), but this has little effect on the power density. An important conclusion from these results is that multijunction TPV cells do not perform much better than single junction cells if the bottomcell bandgap is considerably higher than the optimum. This means that using low bandgap materials (below 0.5 eV) is essential in order to fully exploit the potential of multijunction TPV devices.
Effect of TPV cell temperature
TPV cells are typically irradiated by extremely high power densities; thus, they are expected to operate at considerably high temperatures. For example, according to the results of this paper, an optimized single junction TPV cell with /? B SR=0.9 irradiated by a black body emitter at 1400 °C (see Table 2 ) has to dissipate 12.5 W/cm 2 (heat absorbed by the cell not converted into electricity). Assuming a typical heat transfer coefficient of 0.15 W/cm 2 K, corresponding to an active air-cooled heat-sink, this results in a cell temperature of 83 °C above ambient. The effect of cell temperature on the optimum configurations is illustrated in Figs. 7 and 8. Fig. 7a shows the bandgap of a 1JC that maximizes the TPV efficiency (solid lines) as a function of the cell temperature. The actual bandgap of some semiconductor compounds is superimposed (dashed lines) for comparison. The resultant maximum TPV efficiency for both IJCs and 2JCs is shown in Fig. 7b . Fig. 8a shows the same information than Fig. 7a for TPV cells which are optimized for power density, rather than efficiency. Fig. 8b shows the resultant maximum power density. In both cases the emitter temperature is 1400 °C.
The optimum bandgap increases with cell temperature in order to mitigate the increment of the radiative recombination at higher cell temperatures (Figs. 7a and 8a) . In most of the cases, the lower recombination occasioned by the increment of bandgap compensates the reduced photogeneration. However, when extremely high and the backwards luminescence (radiative recombination) is effectively recycled, it may become favorable to enhance the photogeneration (reduce the bandgap) than minimize the recombination (increase the bandgap). This explains the slight reduction of the optimum bandgap with cell temperature for PBSR = 0.99 in Fig. 8(a) .
Figs. 7b and 8b also show a greater impact of cell temperature on the performance of 2JCs than IJCs. This is simply explained by the fact that in 2JCs there are two temperature dependent sources of luminescence radiation (the two p/n junctions) rather than just one in 1JC.
Finally, notice that the bandgap dependence on temperature of real compounds must be taken into account in order to determine the actual optimum semiconductor to develop TPV cells under some particular cell operation temperature conditions. This is illustrated in both Figs. 7a and 8a.
Technological concerns
From the results shown in Tables 2-5 it is evident that photocurrent densities are very high in most of the cases, especially for high temperature emitters and in TPV devices designed to provide the maximum power density. This introduces important technological drawbacks concerning the manufacturing of low resistive ohmic contacts in the TPV cell and the development of complex series-interconnection schemes, such as monolithic interconnected modules (MIMs) [54] . The use of multijunction cells reduces the photocurrent and increases the output voltage; thus mitigating the needs for a highly conductive electric contact and, eventually, reducing the number of required sub-modules in a MIM device.
Another technological challenge concerns the very low bandgaps (below 0.5 eV) that are needed in order to provide the maximum power density and efficiency for a broad range of emitter temperatures. A number of semiconductor compounds have very low bandgaps, e.g.: InSb (0.17 eV), InAs (0.35 eV), InGaAsSb (0.3-0.7 eV) and PbS (0.37 eV). However, the strong non-radiative recombination mechanisms existing in those low bandgap materials (especially Auger [30] and surface leakage currents [55] ) should be taken into account for determining the actual optimum bandgaps. Consequently, if those materials have to be used, the optimum bandgaps calculated in this work under the assumption of only-radiative recombination [56] are surely underestimated. Thus, future research must focus on analyzing the effect of non-radiative recombination on the overall optimization of TPV converters. The results shown in this paper provide the upper limits for the TPV energy conversion and may guide the research towards the realization of high quality materials with the appropriate bandgaps for achieving the highest TPV performance. It worth noting that semiconductor nanostructures, such as quantum wells (QWs) and quantum dots (QDs), have the ability of suppressing Auger recombination [57] ; thus, they must considered to be of particular interest for future low bandgap TPV cell developments.
Conclusions
The optimum bandgap(s) for single junction and multijunction TPV cells have been calculated based on detailed balance theory and assuming only radiative recombination. The optimization has been carried out on three different merit functions: efficiency, power density, and the product of both of them. Results have been provided as a function of the emitter temperature, cell temperature and photon recycling efficiency.
Owing to the effect of photon recycling, different optimum bandgaps are obtained depending on whether our aim is to Photon energy (eV) Fig. 4 . Spectral irradiance for a blackbody at 1400 °C operating a 0.76 eV TPV cell with BSR reflectivity of 99%. This illustrates how the achievement of maximum efficiency relies on the extremely high quality of the photon recycling process (i.e. high BSR reflectivity) and why the resultant power density is comparatively low. maximize the efficiency or the output power density. In general, higher bandgaps provide higher efficiencies at the expenses of lower power densities, and vice-versa. However, TPV devices using high bandgap cells are more sensitive to optical losses and consequently, an extremely high photon recycling efficiency is required. Multifunction TPV cells have shown three key advantages: (1) maximize both the efficiency and the power density simultaneously, (2) mitigate the impacts of optical losses in the overall TPV system performance and (3) reduce the photocurrent and increase the voltage. In order to exploit the full potential of multijunction TPV devices, very low bandgaps (below 0.5 eV) are generally needed for the bottom cell. The strong non-radiative recombination mechanisms existing in low bandgap semiconductors may drastically deteriorate the performance of these devices. Quantum semiconductor structures, able to suppress Auger recombination, are promising candidates for developing future multijunction TPV cells. Future work must also focus on analyzing the effect of non-radiative recombination to identify the shortterm potential of multijunction TPV converters. 
